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Table of Content Abstract and Graphic
We report the synthesis and characterization of a family of eleven cobalt (I) metal precursors based around cyclopentadienyl and diene ligands. Low pressure metal-organic chemical vapor deposition (AP-MOCVD) was employed using the precursor cyclopentadienyl-cobalt(I)(isoprene) 1, to synthesis thin films of metallic cobalt on silicon substrates under an atmosphere (760 Torr) of hydrogen (H2) . Thin films deposited at substrate temperatures of 325 °C, 350 °C, 375 °C and 400 o C, respectively have been analyzed by PXRD, SEM, AFM and XPS.
Introduction
Cobalt is used in a wide variety of technological applications: with a higher sticking coefficient towards copper, cobalt has been used to replace tantalum as a lining material within interconnect trenches in microelectronic devices 1, 2 . The cobalt layer allows for better copper seed layer coverage thereby reducing copper agglomeration and void formation. 3 Thin films of cobalt, which are ferromagnetic, may be layered with non-magnetic metals to form devices which take advantage of giant magnetoresistance (GMR). 4, 5 These devices can be used in magnetic data storage media. Cobalt is also an important catalyst in the Fischer-Tropsch (FT) process. It has the advantage of being cheaper than ruthenium (the most active group VIII metal used in FT catalysis) and is more practical than nickel which leads to volatile carbonyl formation during the process and subsequent loss of the metal catalyst. 6 Typically a form of mesoporous silica 7 , 8 or alumina 9 is used as the support for the cobalt. Several methods of catalyst formation exist and have been reviewed. 10 Previously reported preparation techniques for cobalt thin films include sputtering, 11 e-beam evaporation, 12 and thermal evaporation. 13 Sputtering and evaporation techniques are generally considered to be "line-of-sight" techniques, and are therefore best suited to two dimensional substrates.
However, where conformal coating of three dimensional structures is desired, such as in microelectronics applications and where the trend of reduction in device sizes demands high control over these parameters, controlled formation of thin films of cobalt can be achieved using either chemical vapor deposition, 2, 14 or atomic layer deposition. 9, 15 As previously noted by the authors, there are limited reports of cobalt precursors for chemical vapor deposition (CVD) or atomic layer deposition (ALD) of cobalt and cobalt oxide. 16 Of those reported compounds very few are liquid at room temperature, an indication that they may have an appreciable vapor pressure. High volatility is an important characteristic for both CVD and ALD precursors as it ensures that the precursor vapors are easily and consistently transported in the carriergas stream from the precursor vessel to the deposition chamber of the CVD or ALD system.
Metal-organic CVD (MOCVD), which uses organometallic precursors in the CVD process, offers the prospect of significantly lower deposition temperatures by virtue of the reactive, and often fragile, metal-carbon bonds. Despite this, there is a relative paucity of reports concerning organometallic cobalt precursors and especially low oxidation state species. To date thin films of cobalt metal prepared by CVD have been reported using the precursors [Co2(CO)8] (I), 11, 17 [ Herein we report the synthesis of a range of cobalt (I) diolefin precursors, alongside studies of their thermal decomposition and volatility, and subsequent selection as suitable candidates for the MOCVD of cobalt metal films. The influence of both modification of the cyclopentadienyl and the diolefin ligand has been examined and the effect these modifications have on the physical properties such as the vapor pressure, the decomposition temperature and process as well as the deposition parameters during the MOCVD is investigated.
Experimental

General Experimental Details
Tristriphenylphosphinecobalt(I) chloride, 38 and sodium cyclopentadienide and sodium methylcyclopentadienide were all made according to literature procedures. 39 The di-olefins used in this study were purchased through commercial sources. Compounds 3, 4, 5 and 6 have been synthesized previously 40 and 1 H NMR and elemental analysis was used to confirm batch purity. All reactions were carried out under an inert atmosphere, and in the absence of light, using standard Schlenk line techniques. Low temperature reactions were performed using an ultra-low temperature recirculating chiller and modified Schlenk tube with external cooling jacket. Solvents were dried over activated alumina columns using an Innovative Technology solvent purification system (SPS) and degassed under an argon atmosphere. All other reagents were purchased from commercial sources.
Synthesis of complexes 1-11
Synthesis of 1:
Method A: To a THF (30 mL) solution of tris-triphenylphosphinecobalt(I) chloride Identification was confirmed by a comparison of the spectroscopic data with literature.
Synthesis of 6:
Complex 6 was synthesized using both Method A, in the presence of 0.92 mL 
Crystallography
Experimental details relating to the single-crystal X-ray crystallographic studies are summarized in 2 and 4, respectively. Thin films were deposited using a modified cold-walled CVD system (Electrogas Systems Ltd, UK). The system consisted of a tubular quartz reactor containing a silicon carbide coated graphite susceptor. The temperature of the susceptor was monitored using a k-type thermocouple coupled with a proportional-integral-derivative controller (PID controller), and heated with a water cooled IR lamp mounted externally beneath the reaction tube. The pressure of the system was maintained at 760 Torr throughout the deposition run, with the reactor lines and precursor, held in a bubbler, at 90 and 85 ºC respectively. The vapor generated was delivered to the reaction zone using a high purity Hydrogen (99.998%) carrier gas (300 mL min -1 ) metered from a mass flow controller. Films were deposited onto CVD coated ruthenium on silicon wafers at a susceptor temperature of between 325-400 ºC. The total deposition time per sample was 30 min.
Raman spectroscopy was recorded on a Renishaw InVia Raman using a 532 nm (green) laser. X-ray photoelectron spectrsocopy (XPS) measurements were performed on a Kratos Axis Ultra-DLD photoelectron spectrometer, utilizing monochromatic Al K radiation (photon energy 1486.6 eV), at the University of Cardiff. The instrument was pre-calibrated using pure gold and copper samples.
Samples were sputtered for a pre-determined set time over a 4 mm wide area using 4 kV argon ions using a minibeam I ion source. Spectra were collected at pass energies of 80 and 160 eV for high resolution and survey scans respectively, with the 100 m apperature in place to focus on the centre of the etch pit. FE-SEM analysis of the films was undertaken on a JEOL JSM-6480LV scanning electron microscope with EDX capability. AFM analysis was performed using a Digital Instruments Nanoscope IIIa, with TAP300 tips in contact mode (Tip radius <10nm). Powder XRD of the films was performed on a Bruker D8 Powder Diffractometer, using a Cu anode X-ray source, (Kα wavelength = 1.5406 Å) at the University of Bath. Sheet resistance measurements were recorded using a Jandel
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Results and Discussion
Synthesis
The cobalt di-olefin complexes 1-11 can be easily prepared by a number of synthetic routes, [34] [35] 40, 45 however focus was given to two specific methods (Scheme 1) which could easily scaled to provide larger quantities of precursor from equally scalable starting materials.
Scheme 1:
Synthetic Methods A and B.
While complexes 1-11 were initially prepared by the reaction of ClCo(PPh3)3 with NaCp, followed by a thermally driven substitution of PPh3 with the appropriate di-olefin ligand (Method A: Scheme 1), products were invariably contaminated with triphenylphosphine, which could be successfully removed by either careful sublimation or crystallization of the product. For this reason, an alternative large scale preparative method of production was sought: Using a modification of the procedure used to produce the Jonas reagent, [CpCo(H2C═CH2)2], 34 we were able to synthesis complexes 1-6 in high yield without the need utilize the gaseous reagent ethene or trimethylsilyletheneHowever, because difficulties encountered in the large scale production of bis-methylcyclopentadienyl cobalt (dimethyl-cobaltocene) complexes 7-11 were produced, exclusively, using method A and sodium methyl-cyclopentadienide (NaCpMe). 
Thermal Profile of Complexes and use as Deposition Precursor
Thermogravimetric analysis (TGA) of complexes 1-11 were performed in order to gain insight into relative volatilities and thermal stabilities. These analysis was carried out with an instrument that was housed in a nitrogen filled purge-box in order to minimize reaction with atmospheric moisture/air. We have previously investigated the relationship between alkyl group functionalization of the cyclopentadienyl ligand, and both volatility and stability in copper cyclopentadienide isocyanate showed rather rapid thermal decomposition with formation of a metallic mirror on the inside of the NMR tube after only 6 hrs. Despite being liquids/oils and as such potentially useful as precursors, compounds 7-11 all showed significant decomposition and production of a metallic mirror on the NMR tube after 24-48 hours, indicating a significantly reduced thermal stability for the methyl derivatized complexes.
The liquid and semi solid complex 1, 2 and 4, all of which showed good thermal stability and were capable of being sublimed were further analyzed by isothermal gravimetric analysis (IT-TGA). Figure   4 shows an IT-TGA plot at 73 o C of compounds 1, 2 and 4. The plot shows all precursors to undergo mass loss at a constant rate. It also shows the order of volatility to be 1 > 2 > 4, the former evaporating to 50 % of the starting mass within just 5 minutes, over twice the rate of the latter two. Experiments were run under N2 (10 mL min -1 ).
As part of our study, vapor pressure measurements were carried out on 1, 2 and 4 using a previously reported method and apparatus. 47, 48 Details of these analyses are supplied in the supporting information. The results of the vapor pressure measurements of 1, 2 and 4 are depicted in Figure 5 and the numerical results shown in Table 3 .
Each set of data was obtained at temperatures below the decomposition points of the precursors. The vapor pressures of 1, 2 and 4 obey the general equation logP =A -B/T : where A and B are free parameters, with the corresponding enthalpy of vaporization being deduced from the parameter B (Table 3 ). SiMe3, H or n-C3H7) 23 , although notably significantly lower than both Co2(CO)9 and alkyl systems [Co2(CO)6( 2 -RC≡CR)] (R = n-C3H7 to n-C7H15).
23b
Resultantly, compound 1 was chosen as a good candidate for AP-MOCVD experiments owing to its attractive TGA profile, high vapor pressure and thermal stability. CVD experiments were performed in-house on a modified Electrogas hot-walled reactor utilizing H2 as a reducing gas. Substrates were silicon (100) wafers, pre-cleaned by washing with aqua regia, water and isopropanol and dried under a nitrogen flow. Table 4 summarizes the deposition conditions for complex 1. The deposition of cobalt metal was investigated at four different substrate temperatures; 325 °C, 350 °C, 375 °C and 400 °C respectively. In all of the deposition runs the precursor and the carrier gas lines were externally heated to 130°C, and the pressure during deposition was maintained at 760 Torr. H2 gas was used as the carrier gas at a flow rate of flow of 0.3 L min -1 . Table 4 shows the general physical parameters used throughout the deposition experiments. Films deposited at 325 °C and 350 °C appeared reflective, metallic and continuous to the naked eye whereas films deposited at 375 and 400 °C, while also appering reflective, metallic and continuous also showed some brown discoloration. At temperatures below 325 °C deposited films were powdery grey/blue and appeared discontinuous.
SEM and AFM micrographs of films grown from 1 are shown in Figure 7 . SEM and AFM analysis showed the film morphology and film thickness to be dependent on temperature and, in general, particle sizes were found to increase with increasing deposition temperature which is in agreement with previous studies reported by Ivanova et al 50 and general thin film growth. Film composition was studied by XPS analysis in order to determine the elemental composition of the thin films. Analysis of as-deposited films demonstrated the presence of metallic cobalt but also the presence of oxygen and carbon, likely to come from adsorbed organic species and surface oxidation.
After etching the surface for a period of five minutes with an argon sputter oxygen and carbon peaks reduced to trace levels and the peaks associated with metallic cobalt (2s = 926 eV, 2p = 779 eV, LMM = 716 eV, 3s = 101 eV and 3p = 60 eV) increased in intensity. Table 5 shows the elemental profile of etched films as a function of deposition temperature; quantification of the film was conducted using a Shirley background by integrating the area under the peaks and taking into account the relative sensitivity factors of each element. that the hydrogen carrier gas is effective in the hydrogenation of all ligands cleanly from the substrate surface during deposition. There are however, oxygen impurities present in all films and considering that the precursor contains no oxygen it is reasonable to assume that oxygen contamination is coming either from the gas source, a leak in the reactor or ex-situ contamination. In stark contrast to our studies Dormans et al. 17c suggest that the growth of cobalt thin films using the precursor CpCo(CO)2, are significantly retarded in the presence of H2 gas resulting in thin films at any temperature that are heavily contaminated with carbon (~50 %), a feature attributed to a change in deposition mechanism from reduction to disproportionation. Similar observations have been made in the deposition of nickel thin films from nickelocene by Rhee et al. 54 and Brissonneau et al. 55 . It is also noteworthy that while Raman spectroscopy shows a single Raman band at 520.9 cm -1 , and PXRD analysis shows a number of weak reflections, both associated with the silicon substrate, there is no O 1s region C 1s region evidence from our analysis (including XPS) of cobalt silicide systems (i.e. Co2Si, CoSi and CoSi2), 17b,18b,56 contaminating the thin films.
The calculated growth rates for films grown from precursor 1 at 325 °C, 350 °C, 375 °C and 400 °C, respectively, are shown in Table 6 ; the values comparing favourably with previous studies reported in the literature by Haycock et al. Room temperature sheet resistance measurements were also conducted on films deposited using 1, the findings are summarised in Table 7 . Bulk resistivity values were found to be in the range of 62.1-12.5 cm, the lower of which approaches the value for bulk cobalt 5.6 cm (at 0 o C). 58 Films deposited at 375 o C displayed the lowest resistivity value, which may be rationalised by the high crystallinity and thickness of the film (vide infra). Resistivity values of thin films can be increased by a number of effects, including increasing surface roughness, a higher degree of scattering at grain boundaries and with decreasing film thickness, electron scattering at a films surface increases. 58 In addition, it is likely that ex-situ oxidation of the films will lead to an increase in resistivity. 15 
Conclusions
This paper reports the synthesis and thermal analysis of eleven CpCo(di-olefin) complexes and reports the first study of their use as metal deposition precursors in atmospheric pressurse CVD. Because of it's high thermal stability and physical properties compound 1 was identified as a potential candidate for deposition studies. Thin films were deposited onto Si substrates in the temperature range of 325-400 °C in the presence of H2. Films deposited at all temperatures were found to have very low carbon contamination by XPS analysis, with varying degrees of oxygen incorporation. The lowest measured resistivity was 12.7-17.6 cm for films deposited at 375-400 °C respectively, which is in broad agreement with the purity and continuity of the films.
As indicated by XRD analysis the thin films deposited appear to be highly oriented, adopting the fcc crystal structure; crystallinity was found to increse proportionally with increasing deposition temperature at 375 °C after which crystallinity appears to diminish. More significantly, complex 1 represents a non-air sensitive precursor capable of depositing cobalt metal onto silicon substrates at a low enough temperature to preclude the concomitant formation of cobalt silicide.
These precursors offer significant advantages over a number of previously reported MO-CVD precursors for the production of cobalt thin films (ibid), which include the ease with which these materials can be scaled-up and modified, physical properties such as stability (thermal and chemical), the precursors general liquid nature at room temperature and relatively high vapor pressures, and finally ability to produce high purity thin films under the conditions we have described.
Further studies into the utility of several of these complexes in the CVD of Cobalt thin films at lower temperatures are presently underway.
